We propose a fast and precise transient response and frequency characteristics simulation method for switching converters. This method uses a behavioral simulation tool without using a SPICE-like analog simulator. The nonlinear operation of the circuit is considered, and the nonlinear function is realized by defining the nonlinear formula based on the circuit operation and by applying feedback. To assess the accuracy and simulation time of the proposed simulation method, we designed currentmode buck and boost converters and fabricated them using a 0.18-μm highvoltage CMOS process. The comparison in the transient response and frequency characteristics among SPICE, the proposed program on a behavioral simulation tool which we named NSTVR (New Simulation Tool for Voltage Regulators) and experiments of fabricated IC chips showed good agreement, while NSTVR was more than 22 times faster in transient response and 85 times faster in frequency characteristics than SPICE in CPU time in a boost converter simulation.
Introduction
The use of DC-DC converters has become common in electronic equipment, because a stable supply voltage for circuits and LSIs must be produced by converting the voltage without consuming power. As the DC-DC converter is inherently a negative feedback system with mixed analog and digital circuits, an analog simulator such as SPICE is typically used to simulate loop dynamics and stability in the circuit design. Figure 1 is a block diagram of a typical DC-DC converter. The blocks in Fig. 1 are divided into three parts: the switching and output part ( 1 ) , the voltage and current feedback part ( 2 ) , and the digital control part ( 3 ) . The switching and output part consists of a smoothing filter and switching power transistors and/or diodes. The voltage and a current feedback part has an error amplifier (ERR), a reference voltage (Vref), a current sensing circuit and a slope generation circuit (CFB). The digital control part has an oscillator (OSC), a comparator (CMP), and control logic circuits. Among them, the smoothing filter in the switching Manuscript received October 18, 2011. Manuscript revised January 26, 2012. † The author is with the Faculty of Engineering, Tokyo Polytechnic University, Atsugi-shi, 243-0297 Japan.
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a) E-mail: t.sai@em.t-kougei.ac.jp DOI: 10.1587/transele.E95.C.1067 and output part, and the voltage and current feedback part are analog with some nonlinear functions while the switching power transistors and/or diodes in the switching and output part, and the digital control part are digital. Because the output voltage and current are controlled in every interval of the system clock which is supplied by the oscillator, voltages and currents at various nodes in the analog part change drastically at every clock cycle, although they become periodic when a DC-DC converter operates in a steady-state condition. Under these circumstances, SPICE has to simulate the transient response in very small time steps to trace the drastic value changes in the analog part and in the digital part; as a result, the simulation time increases. To solve the problem, an approximated small signal model to simulate the switching and output blocks was used as the equivalent analog function [1] . However, this was a linear model, and it couldn't handle the nonlinearity of the circuit. A periodic small signal analysis was introduced so that the function which performs the periodic analysis in SPICE could be utilized, assuming that the waveform at each node is stably periodic in the steady state of operation [2] . Unfortunately, this change did not accelerate the transient response simulation. A method using behavioral models in a simulator such as MATLAB/Simulink without using a small signal model has been proposed [3] , but the method has not yet been verified using actual circuits. In this paper, we introduce a new simulation method for DC-DC converters that has a faster simulation time than SPICE, which supplies simulation results as precise as those from actual IC characteristics, and that is realized in a behavioral simulation tool taking the nonlinearities of circuits into account.
Details are described as follows. Section 2 presents our proposed modeling concepts that are universal to various kind of switching converters. Section 3 shows how the current feedback and voltage feedback loops including a digital control part are modeled. Section 4 describes how the loop frequency characteristics of DC-DC converters are calculated. Section 5 provides the comparison with other simulation methods. Section 6 shows the performance comparison among simulations and the measurement results. Section 7 concludes the study.
Fast and Accurate Behavioral Modeling for Switching Converters

About the Modeling Strategy
Figures 2 and 3 show block diagrams of a typical currentmode buck DC-DC converter and a current-mode boost DC-DC converter, respectively. Considering the circuit of a switching converter from a design viewpoint, the elements that govern the operation are transistor switches and/or diodes, inductors, and capacitors in the switching and output part, amplifiers, a current sensing and slope generation circuit, a voltage limiter, resistors, and capacitors in the voltage and current feedback part, and comparator and logic delays in the digital control part. There are not many non-linear elements that we must consider. Moreover, the differences between a buck DC-DC converter and a boost DC-DC converter are the circuit of the switching and output part and a part of the current-sensing circuit in the current feedback part, which means that we can apply the uniform modeling strategy to both buck and boost DC-DC converters.
The unified strategies that we propose are the following: (1) Our modeling uses a behavioral simulation tool. (2) Non-linear elements will be considered and modeled using non-linear equations and applying feedbacks. (3) Analog parts will be modeled using state equations and Laplace transformation. (4) Logic parts will be modeled using Boolean functions with delays. (5) We will not model a voltage reference and an oscillator.
The Modeling of the Switching and Output Part of a Buck DC-DC Converter
In the case of a current-mode buck DC-DC converter, the switching and output part consists of switching transistors and a smoothing filter in a series. Figure 4 (a) shows the circuit, and Fig. 4(b) shows the modeling example in the be- Fig. 4 The switching and output part of a buck DC-DC converter.
havioral simulation tool. In Fig. 4 
Equation (1) is the state equation and Eq. (2) is the output equation. Here,
and coefficients A, B, C and D in Eqs.
(1) and (2) are,
respectively. Equations (1) and (2) comprise the 'StateSpace block' in Fig. 4 (b). However, in fact, the voltage at terminal lx changes as the inductor current i L changes. A voltage drop appears across the drain and source terminals of the switching transistors, depending on the inductor current. As the inductor current changes with time, load current and output voltage, the voltage drop across the switching transistors (v ds ) changes accordingly, and this introduces a non-linear voltage drop to V lx as shown in bold lines in Fig. 4 (a). The voltage drop across the switching transistors should be properly accommodated in behavioral modeling and is calculated by the following transistor's current equation in the linear operation region:
Blocks to calculate the nonlinear voltage drop in V lx using Eq. (5) with i L as the input are introduced in behavioral models in Fig. 4 (b) as a vmp block for the PMOS switching power transistor M p and a vmn block for the NMOS switching power transistor M n . As M p and M n turn on alternatively, the vmp and vmn blocks are alternatively selected by the switch in synchronizing with the turn-on of M p and M n , and the calculated value v ds of either the vmp or vmn block is fed back to and subtracted from V lx to take the nonlinear voltage change at lx terminal into account. The use of feedback to take the non-linearity into account in behavioral modeling is a part of our proposed methodology. Fig. 5(b) , M n turns on and the energy is charged from V in to L while the load current is supplied only by C out , because the voltage at the lx terminal becomes low and the diode D rec is reverse biased. The drain-to-source voltage of M n and its nonlinear dependence on i L (t) must be taken into account in the model. In Fig. 5(c) , on the other hand, L and C out become connected because M n turns off and D rec is forward biased.
The Modeling of the Switching and Output Part of a Boost DC-DC Converter
As the circuit operation is governed by the inductor current and the capacitor voltage, state equations are commonly used. In this case, the state vector x, input vector u, and output vector y are
where v p (t) is the drain-to-source voltage across the switching transistor M n , and v f (t) is the forward bias voltage of the diode D rec . Actually, both v p (t) and v f (t) are functions of i L (t) and those values are calculated as the simulation proceeds; however, they appear in Eq. (6) as source vectors for the sake of convenience. The state equations in Figs. 5(b) and (c) become different from each other, and they should be combined into one in behavioral models. First, in Fig. 5(b) , the following coefficients A and B in the form of the state equationẋ = A x + B u are defined as [5] :
On the other hand, in Fig. 5(c) , the coefficients A and B in the form of the state equationẋ = A x + B u become
We cannot, however, have two separate state equations for one circuit. Analogous to the state-space averaging method, a switching function, u 2 , is introduced to combine the two state equations such thaṫ
In the state-space averaging method u 2 has a value equal to the duty ratio whose value is between 0 and 1, and is fixed during one clock period in order to obtain the average value of variables. Our approach is different from the statespace averaging method. In Eq. (9), u 2 becomes 0 when M n turns on and 1 when M n turns off. Moreover, the values of u 2 and (1 − u 2 ) change as time goes on during one clock period as the simulation proceeds. This enables the state equations to change along with time. Therefore, dynamic change of the state equation during one clock period becomes possible.
It turns out that introduction of another switch function, u 3 , is necessary. When M n turns off, that is, when u 2 becomes one, D rec turns on. On that occasion, D rec is modeled by a constant voltage V Drec and a variable resistor R Drec in the behavioral simulation tool as shown in Fig. 5(c) . R Drec is a small signal equivalent resistor of Drec and the value of R Drec changes depending on the current through Drec, that is, i L (t). The voltage drop v f (t) across Drec is calculated time by time using V Drec , R Drec and i L (t). If the voltage at the V out terminal becomes higher than that of V in in Fig. 5(c) , then there arises the current flow from V out to V in because no device that protects the current flow in reverse direction exists in a behavioral simulation tool. However, there was no reverse current flow through the actual diode; thus, we had to protect this reverse current flow that only appears in simulation. To set this protection, u 3 is used and multiplied to i L (t). u 3 becomes 1 when M n turns off and i L is positive in direction from V in to V out . Otherwise, u 3 becomes 0 and protects the reverse current flow described above. Finally, the state equation of the circuit in Fig. 5(a) in the form of differential equations becomes, In order to see the effect of switching functions, Eq. (10) is prepared in the form using differential equations instead of a matrix form of coefficients. The variables u 2 , which stands for an on-and-off operation of a switching transistor, and u 3 , which protects the reverse current flow of a diode, can be applied to the modeling of other switching power supplies such as a charge pump. The modeling example that realizes Eq. (10) in the behavioral simulation tool becomes like that shown in Fig. 6 . The u 2 and u 3 are produced by logical calculation with Q, which is the control signal of the switching transistor and i L (t) value and becomes an input to the DEE block together with V in . Equation (10) is in this DEE block. The output of this DEE block is V out and i L (t). i L (t) is prepared to calculate non-linear voltage drops such as v p (t) and v f (t), shown in Fig. 5 .
The output equation is
Again, Eq. (11) is inside the DEE block in Fig. 6 .
Modeling of Feedback Loops
There are two feedback loops in a current-mode DC-DC converter. One is the voltage feedback loop, which consists of an error amplifier and a voltage reference, and the other is a current feedback loop, which has a current sensing and slope generation circuit. The digital control logic including a comparator, an oscillator, and buffer drivers is common to both feedback loops. The on-and-off of switching transistors is important in a DC-DC converter. The on-state is initiated by the oscillator signal and is terminated by comparing v i and v c in Fig. 1 , and only the stable oscillation is required. From this reason, it is not necessary to consider an oscillator circuit in the behavioral model. The reference voltage may change at the start of initiating comparison period; however, it is enough if it settles down at the time of comparison. This, again, means that we can use a fixed voltage for the voltage reference in a behavioral model. Circuits where non-linearity exists in feedback loops are considered to be an error amplifier part and a current sensing and slope generation circuit. 
Modeling of the Error Amplifier Part
Figure 7(a) shows a circuit of the error amplifier part. Obviously, an error amplifier has gain and phase frequency characteristics, and there is a voltage limiter between the output and the input of an error amplifier. To accommodate those non-linear functions in behavioral models, we utilized the Superposition Theorem to find the input voltage, v 1 , of an error amplifier. In the form of Laplace transformation, we obtain, 
where V thlim is the threshold voltage and β lim is the transconductance parameter of the transistor M nlim . Here, v c and v 1 are voltages shown in Fig. 7(a) . The behavioral model of the error amplifier part is shown in Fig. 7(b) . This should take care of the transfer-function-base modeling with two kinds of non-linearities such of a limiter operation and frequency characteristics of the operational amplifier.
Modeling of a Current Sensing and Slope Generation Circuit
The circuit to produce a voltage that is proportional to the inductor current in the switching and output part is modeled by solving circuit equations of the actual IC circuits. Their influence should be reflected in the behavioral models. In the current sensing circuit, K cfb is commonly used as the conversion coefficient from the inductor current, i L , to the control voltage V cfb (= v i ). It is calculated as follows:
The behavioral simulation tool calculates v i using the Eq. (14).
Modeling of the Digital Control Part
The digital control part is modeled using the Boolean equation and the delay function. This is based on the finding that stray capacitors of transistors don't have much influence on the time constant for waveforms at various nodes in the digital circuit, because the clock frequency is slow, it is only 2.5 MHz at maximum. However, the delay affects the minimum pulse width of the control signal for output switching transistors, and the delay must be considered adequately. The modeling example is shown in Fig. 9 .
Method to Analyze Frequency Characteristics
The gain and phase frequency characteristics were obtained using the method similar to that of the Frequency Response Analyzer (FRA) as shown in Fig. 10 . The loop frequency characteristics are measured to observe the output signal at the V out terminal of the DC-DC converter by injecting the signal with one frequency by one frequency into the input part of the error amplifier from the outside signal source, provided that the loop is cut between the V out terminal and the input part of the error amplifier. The principle of the detection is based on the orthogonal demodulation scheme [4] .
Comparison with Existing Simulation Methods
In the case of a DC-DC boost converter, for example, the circuit configuration changes as seen in Fig. 5 depending on the duty ratio D which is the ratio of the time interval for the switching transistor to become turned on out of one clock time period. The two state equations for different circuit configurations becomė
The state-space averaging method is considered representative behavioral simulation method for switching converters [6] , [7] . The state-space averaging method puts the weight of the duty ratio D or (1 − D) on each state variables such aṡ
Equation (16) [3] adopted pulse-bypulse technique. It is not clear though, it did not consider circuit nonlinearites, and the usage was limitted to the buck DC-DC converter.
On the contrary, our proposal is to use the switching function to combine different state equations into one in the way described in Sect. 2.3. The averaging method is not used. We solve the state equation by a constant time step, for example, every 1 ns from the beginning to the end of designated simulation time. Therefore, the state equation, with preserving its value, is solved precisely step by step even when the state equation changes half way during the clock period. Our modeling is not element-based, instead, function-based. In some part, it is modeled from the circuit design viewpoint as shown in Fig. 8 . We picked up nonlinear elements in the DC-DC converter from the circuit design viewpoint, modeled them by the nonlinear function and put them in the feedback loop to make the model completely match the operation of the actual circuit as shown in Figs. 4(b) and 7(b). We utilize the orthogonal demodulation scheme to calculate gain and phase frequency characteristics [4] .
Moreover, there are several simulation tools on the market applicable to switching power converters [8] - [11] . The details are not clear, though; some models in Ref. [8] are ideal, and it seems that non-linear elements have not been fully included. Reference [9] uses an ideal switch model for a switching power transistor to perform its simulations quickly. However, this means that they do not consider the influence of the non-linear on-resistance. References [10] and [11] are based on an existing analog simulator. Reference [11] combines the power stage simulation using an existing analog simulator with the behavioral simulation of the rest of the control and digital circuits. This is equivalent to reduce elements counts for the analog simulator and the simulation time becomes fast. All of these tools cannot fully deal with the non-linear phenomena that appear in several circuit blocks of switching converters, and, as a result, they may lose accuracy.
Experimental Results
To verify the usefulness of the proposed NSTVR simulation method, we compared our simulation results of transient response with those of SPICE in Figs. 11 and 12 . Figure 11 compares the transient response in the case of the current-mode buck DC-DC converter shown in Fig. 2 . The external components of the buck converter were an output inductor L (3.3 μH) , a capacitor C(10 μF), a load resis- tor R L (25 Ω); feedback resistors R f 1 (40 kΩ), R f 2 (10 kΩ), and R f 3 (2 kΩ); and the feedback elements of error amplifier C err (100 pF) and R err (250 kΩ). Figure 11(a) shows the voltage change at V out terminal when a 3-V step voltage input is applied to the V in terminal. The clock frequency and load current were 2.5 MHz and 100 mA, respectively. Figure 11(b) shows v c and v i that are simulated from time zero to 200 μs in an 1 ns step by both SPICE and NSTVR (using a behavioral simulation tool). Figure 11 (c) shows a comparison in simulation of the load current change from 220 mA to 20 mA and vice versa. The measured CPU time is listed in Table 1 . As there is little difference between the two traces in Fig. 11 , we can conclude that the two traces agreed well. We also found that the NSTVR was 400 times faster than SPICE, as listed in Table 1 .
On the other hand, Fig. 12 compares the transient re- sponse in the case of the current-mode boost DC-DC converter shown in Fig. 3 . The external components of the boost converter were L(10 μH), C(10 μF), R L (50 Ω), R f 1 (90 kΩ), R f 2 (10 kΩ), R f 3 (3 kΩ), C err (200 pF) and R err (300 kΩ). In this case, the input voltage, V in , is 2.5 V and the output voltage V out is 5 V. The simulation time step is 1 ns, and the clock frequency and load current are 1 MHz and 100 mA, respectively. Figure 12 (c) shows a comparison of the load current change from 150 mA to 50 mA and vice versa. The NSTVR was 22 times faster than SPICE, as listed in Table 1 . Figure 13 shows the chip microphotographs of the buck converter and the boost converter which contain the bandgap reference circuits and oscillators. The chip size was 2.5 × 2.5 mm 2 , respectively. They were fabricated by using a 0.18 μm high-voltage CMOS process so that their evaluation results are used in comparison with SPICE and NSTVR simulation results.
Figures 14 and 15 show the gain and phase frequency characteristics of the current feedback loop and the total feedback loop of the current-mode buck DC-DC converter and the current-mode boost DC-DC converter, respectively, with changing duty ratios, that is, the input and output voltage settings. The total feedback loop has a current feedback loop in series with a voltage feedback loop. In addition to SPICE and NSTVR simulation results, measurement data from fabricated IC chips are superimposed on the simulation data. In the simulation of frequency characteristics, both SPICE and NSTVR need to repeat the transient analysis with an injected signal in a loop one signal at a time as the signal frequency changes. As summarized in Table 2 in the simulaion of the current-mode buck DC-DC converter, SPICE used 900 minutes to simulate the gain and phase of the loop at four frequencies denoted by × characters, while NSTVR took only 6 minutes to simulate 43 different frequencies. The NSTVR was thus 1613 times faster than SPICE per point of measurement. The frequency characteristics of current-mode buck DC-DC converter when the duty ratio changes from 50% to 83% with load current of 100 mA are shown in Fig. 14 . Data from NSTVR, SPICE, and the measurement agreed very well, even with regard to the phase frequency characteristics. The maximum difference of unity gain frequency and the phase margin of the total feedback loop were only 9 kHz and 3 degrees between NSTVR and measurement data in Fig. 14 . Figure 15 shows the frequency characteristics of the current feedback loop and the total feedback loop of the current-mode boost DC-DC converter. The duty ratio changes from 52% to 76% with load current of 40 mA. SPICE used 204 minutes to simulate the gain and phase frequency characteristics at five frequencies that are denoted by × characters, while NSTVR took only 11 minutes to simulate at 23 different frequencies. The NSTVR was thus 85 times faster than SPICE per point of measurement. Simula- tion data of both NSTVR and SPICE, and the measurement data again agreed very well. The maximum difference of unity gain frequency and the phase margin of the total feedback loop were only 8 kHz and 9 degrees between NSTVR and measurement data.
Conclusion
We verified that the proposed NSVTR, which introduced a behavioral simulation method in the simuration of switching converters, is effective for the fast and precise system simulation of DC-DC converters.
